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Bidirectional Synaptic Plasticity Regulated
by Phosphorylation of Stargazin-like TARPs
teins contain PDZ domains, which are modular protein-
protein interactionmotifs that bind to the tails of specific
receptors. PDZ protein interactions with AMPA recep-
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tors may participate in the synaptic clustering of AMPA1Department of Physiology
receptors and may also modulate the activity-depen-2Department of Cellular
dent turnover of AMPA receptors that underlies aspectsand Molecular Pharmacology
of plasticity (Chung et al., 2003; Malinow and Malenka,University of California at San Francisco
2002; Song and Huganir, 2002).San Francisco, California 94143
AMPA receptors also interact with stargazin (Chen et
al., 2000) and related transmembrane AMPA receptor
regulatory proteins (TARPs) (Tomita et al., 2003). StargazinSummary
is abundantly expressed in cerebellar granule cells, which
lack functional AMPA receptors in stargazer mutant miceSynaptic plasticity involves protein phosphorylation
(Chenet al., 1999;Hashimoto et al., 1999). AMPAreceptorscascades that alter the density of AMPA-type gluta-
function normally in forebrain neurons of stargazer mice,mate receptors at excitatory synapses; however, the
as a family of stargazin-like TARPs likely mediate AMPAcrucial phosphorylated substrates remain uncertain.
receptor trafficking throughout the brain (Tomita et al.,Here, we show that the AMPA receptor-associated
2003). Stargazin is essential for the surface expression ofprotein stargazin is quantitatively phosphorylated and
AMPA receptors, as well as the clustering of receptorsthat stargazin phosphorylation promotes synaptic
at synapses. Stargazin promotes surface expression oftrafficking of AMPA receptors. Synaptic NMDA recep-
receptors by interacting with them at an early stage oftor activity can induce both stargazin phosphorylation,
their biogenesis (Tomita et al., 2003). Furthermore, thevia activation of CaMKII and PKC, and stargazin de-
synaptic clustering of AMPA receptors relies on interac-phosphorylation, by activation of PP1 downstream of
tion of the cytoplasmic tail of stargazin with a PDZ do-PP2B. At hippocampal synapses, long-term potentia-
main from the postsynaptic density protein PSD-95tion and long-term depression require stargazin phos-
(Schnell et al., 2002). Whereas stargazin-like TARPsphorylation and dephosphorylation, respectively. These
clearly participate in constitutive trafficking of AMPAresults establish stargazin as a critical substrate in
receptors, it remains uncertain whether TARPs also par-the bidirectional control of synaptic strength, which
ticipate in the activity-dependent turnover of AMPA re-is thought to underlie aspects of learning andmemory.
ceptors, which underlies synaptic plasticity.
Pharmacological studies have identified a central roleIntroduction
for protein kinases, especially calcium-calmodulin ki-
nase II (CaMKII) in long-term potentiation (LTP), a com-The majority of excitatory synapses in brain utilize the
monly studied form of synaptic plasticity (Lisman et al.,neurotransmitter glutamate. Transmission at these syn-
2002). On the other hand, activation of protein phospha-apses involves glutamate binding to ligand-gated ion
tases is implicated in the induction of long-term depres-channels that excite the postsynaptic cell. The twomain
sion (LTD) (Mulkey et al., 1994). The substrates for theclasses of postsynaptic glutamate receptors, AMPA and
kinases and phosphatases in these cascades remainNMDA, serve distinct functions. Whereas AMPA recep-
uncertain. Somework suggests that AMPA receptor pro-tors depolarize the postsynaptic cell to set off neuronal
teins themselves are the relevant substrates for these
firing, NMDA receptors also cause a large influx of cal-
enzymes, since mutant mice lacking the phosphoryla-
cium that induces synaptic plasticity. This NMDA recep-
tion sites for GluR1 show diminished LTP and LTD (Lee
tor-dependent synaptic plasticity, which underlies as- et al., 2003). In contrast, mutant mice entirely lacking
pects of learning and memory (Kandel, 2001), reflects AMPA receptor subunits GluR2 and GluR3 show normal
an alteration in the density of AMPA receptor proteins LTP and LTD (Meng et al., 2003).
at synapses (Daw et al., 2000; Kennedy, 2000; Malinow In this study, we explored possible roles for stargazin
et al., 2000; Zamanillo et al., 1999). in activity-dependent synaptic plasticity. We find that
Recent work has begun to elucidate the molecular stargazin is quantitatively phosphorylated at a number
mechanisms that control AMPA receptor density at syn- of conserved serine residues in its cytoplasmic tail.
apses. AMPA receptors comprise heterotetramers de- These phosphorylations are mediated by CaMKII and
rived from subunits GluR1–4 (Dingledine et al., 1999; PKC, for which stargazin is a high-affinity substrate.
Hollmann and Heinemann, 1994; Wisden and Seeburg, Stargazin phosphorylation by these calcium-dependent
1993). Cytoplasmic tails of the receptor subunits interact kinases enhances AMPA receptor synaptic function. Im-
with specific cytoskeletal components of thepostsynap- portantly, phosphorylation of stargazin is dynamically
tic density (PSD) (Barry and Ziff, 2002; Garner et al., regulatedbyNMDA receptor activity,which also induces
2000; Scannevin and Huganir, 2000; Sheng and Kim, LTP and LTD. Preventing stargazin phosphorylation or
2002). Many of these AMPA receptor scaffolding pro- dephosphorylation blocks LTP or LTD, respectively. We
here identify a central role for stargazin phosphorylation
in the bidirectional control of synaptic strength that un-*Correspondence: bredt@itsa.ucsf.edu
3These authors contributed equally to this work. derlies aspects of synaptic plasticity.
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we developed a cell transfection system in Chinese
hamster ovary (CHO) cells. Stargazin transfected into
these cells showed a pattern of phosphorylated spots
similar to that seen in cortical neurons (Figure 2D). We
performed extensive mutagenesis of the serine residues
within the cytoplasmic tail, converting these serine resi-
dues to alanine, and we identified nine specific serines
that contribute to the complex pattern of phosphopep-
tides. Importantly, mutation of these nine residues com-
pletely abolishes phosphorylation of the mutant protein
(Figure 2D, lower right panel). These serines also appear
to mediate the shift in molecular weight seen in SDS-
PAGE analysis, as mutating these residues to alanine
abolishes the shift (Figure 2E). On the other hand, mutat-
ing these residues to aspartic acid mimics the shift in
apparent molecular weight. Stargazin overexpressed in
neurons showed a low stoichiometry of phosphoryla-Figure 1. Stargazin Is Quantitatively Phosphorylated in Brain
tion, as evidenced by most of the exogenous stargazin(A) Stargazin (STG) in cerebrocortical (Cx) and cerebellar (Cb) ex-
tracts migrated heterogeneously. -phosphatase (PPase) shifted comigratingwith the unphosphorylated form (Figure 2F).
stargazin to a lowermolecular weight (arrow) indicative of phosphor- Interestingly, these serines and the surrounding basic
ylation; neither tubulin nor synaptophysin (SPH) shifted. arginine residues are closely conserved in all four TARP
(B) Stargazin was more highly phosphorylated (arrowhead) in the isoforms (Burgess et al., 2001; Klugbauer et al., 2000;
PSD fraction (PSD) than in the Triton X-100-soluble synaptosome
Rousset et al., 2001) (Figure 2G), consistent with an(Syn/Tx) fraction. CaMKII served as a control.
important role for these phosphorylations. Indeed, the
phosphorylation figure print for 3 is similar to that for
stargazin in CHO cells (Supplemental Figure S1 [http://Results
www.neuron.org/cgi/content/full/45/2/269/DC1/]).
Synaptic Stargazin Is Phosphorylated
Our initial evidence for stargazin phosphorylation de- Stargazin Phosphorylation Promotes Synaptic
Trafficking of AMPA Receptorsrived from a routine Western blot analysis of protein
expression in cerebral cortex and cerebellum. We no- As stargazinmediates both surface expression and syn-
aptic clustering of AMPA receptors (Chen et al., 2000),ticed that stargazin in cerebrocortical extracts migrated
as a series of bands thatwere somewhat higher in appar- we asked whether stargazin phosphorylation might
modulate these functions. Stargazin-mediated traffick-ent molecular weight than were the set of bands for
stargazin in cerebellum (Figure 1A). As some proteins ing of AMPA receptors to the plasma membrane can be
quantified in Xenopus laevis oocytes coinjected withmigrate differently when phosphorylated, we treated the
brain extracts with -phosphatase and found that the GluR subunits and stargazin (Chen et al., 2003). We
found that both stargazin lacking its phosphorylationstargazin bands shifted to a lower apparent molecular
weight (Figure 1A). This behavior—indicative of phos- sites (S9A) and stargazin with aspartic acid mutations
to mimic phosphorylation (S9D) showed normal en-phorylation—was not seen with other proteins in these
extracts, including tubulin and synaptophysin. When we hancement of glutamate-evoked currents from GluR1
in oocytes (Figure 3A). Overexpression of stargazin infractionated postnuclear extracts, we found that the Tri-
ton X-100-soluble fraction showed variable degrees of neurons increases the number of extrasynaptic AMPA
receptors (Schnell et al., 2002). To evaluate the rolephosphorylation, whereas stargazin was preferentially
phosphorylated in the PSD fraction (Figure 1B). Again, for stargazin phosphorylation in neurons, we infected
organotypic hippocampal slice cultures with viruses ex-treatment with -phosphatase compressed bands from
the Triton X-100-soluble and PSD fractions to a similar pressing wild-type stargazin or mutants that were either
nonphosphorylatable (S9A) or constitutively phosphory-lower apparent molecular weight. These results indicate
that the PSD fraction of stargazin is preferentially phos- lated (S9D). Glutamate-evoked currents in outside-out
patches from the soma of infected neurons showed thatphorylated.
The cytoplasmic tail of stargazin contains numerous these stargazin constructs increased the number of sur-
face AMPA receptors to the same extent as wild-typeserine, threonine, and tyrosine residues that may serve
as substrates for phosphorylation. To identify the spe- stargazin (Figure 3B). These results indicate that phos-
phorylation of stargazin does not modify its surface traf-cific sites that are modified, we metabolically labeled
cultured cerebrocortical neurons with [32P]orthophos- ficking function.
We next evaluated possible roles for stargazin phos-phate (Figure 2A). Phosphoamino acid analysis showed
that only serine residues were phosphorylated under phorylation in synaptic trafficking. Our previous studies
showed that wild-type stargazin does not alter synapticbasal conditions (Figure 2B). Two-dimensional phos-
phopeptide mapping showed that at least six prominent strength in transfected neurons (Schnell et al., 2002).
Similarly, we found that the AMPA and NMDA synapticpeptides were labeled (Figure 2C). This complexity of
phosphorylation is consistent with the heterogeneous currents in neurons overexpressing the nonphosphory-
latable stargazin (S9A) were the same as those recordedbands seen in Western blot analysis (Figure 1A).
To explore stargazin phosphorylation in more detail, simultaneously from neighboring control cells (Figure
Stargazin Phosphorylation in Synaptic Plasticity
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Figure 2. Identification of Nine Conserved Serine Phosphorylation Sites on Stargazin
(A and B) [32P]orthophosphate-labeling of cultured neurons reveals that stargazin (STG) phosphorylation occurred exclusively on serine residues.
WB, western blotting; 32P, autoradiography following stargazin immunoprecipitation; and PAA, phosphoamino acid analysis.
(C) Phosphopeptide mapping shows multiple sites for stargazin phosphorylation in neurons.
(D) Phosphopeptide mapping of stargazin in transfected CHO cells. The amino acid sequence on each panel shows predicted trypsin fragments,
and red serines indicate the residues mutated to alanine. Blue circles, reproducibly strong phosphopeptide spots; red circles, phosphopeptides
lost by the indicated mutations.
(E) Stargazin dephosphorylation mutant (S9A) and phosphorylation mimic (S9D) exogenously expressed in CHO cells showed the predicted
phosphatase-resistant shifts in mobility.
(F) In infected neurons, HA-tagged wild-type stargazin (wt) was weakly phosphorylated, as most comigrated with the dephosphorylated mutant
(S9A) and little migrated with the phosphorylation mimic (S9D).
(G) Amino acid sequence of the stargazin C-terminal cytoplasmic domain and alignment with the other three TARPs. Red letters, phosphorylated
serines; green letters, conserved residues.
3C). In contrast, the stargazin phosphorylation mimic tor staurosporine reduced stargazin phosphorylation
(Figure 4A). This indicates that phosphorylation of star-S9D selectively enhanced AMPA receptor responses
(Figure 3D). Neurons infected with an S9D construct gazin is ongoing, and that under basal conditions, the
half-life for stargazin phosphorylation was 1 hr. Star-that is lacking the C-terminal PDZ binding site (S9D4)
showed a depression in the AMPA EPSC, indicating gazin dephosphorylation is regulated by activity and
synaptic glutamate release, as treatment with tetrodo-that PDZ binding is necessary for synaptic trafficking of
AMPA receptors by phosphorylated stargazin (Figure toxin or APV largely prevented its dephosphorylation
(Figure 4B). This dephosphorylation was also prevented3E). Taken together, these studies indicate that highly
phosphorylated stargazin has the potential to regulate with thePP1 inhibitor tautomycin andwaspartially inhib-
ited by either the PP2A inhibitor okadaic acid or thesynaptic strength.
PP2B inhibitor FK506.
Treating cultured neurons with NMDA vastly acceler-LTD Requires NMDA Receptor-Mediated
Stargazin Dephosphorylation ated the dephosphorylation of stargazin in both time-
and dose-dependent manners (Figures 4C and 4D).The previous results indicate that synaptic stargazin is
highly phosphorylated in neurons and that thismodifica- Treatment with NMDA stripped [32P]orthophosphate
from stargazin (Figure 4E). This NMDA-mediated de-tion has the potential to regulate synaptic strength. To
determine whether stargazin phosphorylation might be phosphorylation was entirely dependent upon extracel-
lular calcium and PP1 and was partly blocked by inhib-dynamically regulated by stimuli that physiologically al-
ter AMPA receptor density during plasticity, we treated iting PP2B (Figures 4F and 4G). These data suggest
that stargazin dephosphorylation involves PP1, whichcultured neurons with various pharmacological agents
and monitored stargazin phosphorylation by its shift in is partly downstream of PP2B, a phosphatase pathway
that has been previously described for other substratesmolecular weight on SDS-PAGE. Treating cultured cells
with the broad-spectrum serine/threonine kinase inhibi- (Greengard, 2001). As PP1 and PP2B substrates are
Neuron
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whether blocking thephosphorylationof stargazinwith a
constitutive phosphomimic version might interfere with
LTD. Indeed, infection of hippocampal neurons with
such a construct (S9D) largely blocked the NMDA recep-
tor-dependent component of LTD, whereas wild-type
stargazin did not (Figure 4H). The nonphosphorylatable
(S9A) version of stargazin does not gain access to syn-
aptic sites (Figure 3C) and therefore does not block LTD
(Figure 4H).
LTP Requires NMDA Receptor-Mediated
Stargazin Phosphorylation
We next asked which kinases mediate stargazin phos-
phorylation. To establish a system for this analysis, we
first treated cortical neurons with NMDA to induce de-
phosphorylation and then assessed the recovery of
phosphorylation by removing the NMDA. We noted that
within 2 hr of removing NMDA, the phosphorylation of
stargazin recovered (Figure 5A). We next treated cortical
neurons with various kinase inhibitors during the stimu-
lation and recovery periods and found that inhibition of
CaMKII (KN93) or PKC (GF109203X) blocked the rephos-
phorylation of stargazin, whereas PKA (KT5720) or
MAPK (PD98059) inhibitors had no effect (Figure 5B).
To determine whether the C-terminal tail is an efficient
substrate for these kinases, we expressed the final 121
amino acids of stargazin with a His6 tag in bacteria.
We evaluated phosphorylation of this purified protein
construct and other fusion proteins in vitro. We found
that CaMKII specifically phosphorylated the cytoplas-
mic tail of stargazin (Figure 5C) as well as a GST-fusion
protein of the C terminus of GluR1 (Barria et al., 1997;
Mammen et al., 1997; Roche et al., 1996). We also found
that the tail of stargazin was efficiently phosphorylated
by PKC (Figure 5C). Stargazin wasmore efficiently phos-
phorylated by PKC than was the model substrate his-
tone, and, in our conditions, the tail of GluR2 showed
little phosphorylation. As controls, we found that neither
Figure 3. Phosphorylation of Stargazin Selectively Enhances Syn-
BSA nor GST was phosphorylated.aptic Function of AMPA Receptors
To determine whether stargazin phosphorylation par-
The nonphosphorylated stargazin (S9A) and phosphomimic (S9D)
ticipates in LTP, we again employed hippocampal slicebehaved similarly to wild-type stargazin to enhance glutamate-
cultures. Inducing LTP with a pairing protocol yielded aevoked currents in (A) GluR1 injected oocytes (R1, 40  22 nA; R1 
wt, 921  70; S9A, 903  58 nA; and S9D, 819  70 nA, [n 5]) and robust potentiation in synaptic strength, and this was
in (B) infected hippocampal neurons (control, 447  62 pA, n  8; wt, completely prevented in neurons infected with a non-
1562  63 pA, n  6; S9A, 1614  80 pA, n  6; S9D, 1388  34 pA, phosphorylatable (S9A) version of stargazin, but not in
n 7.) (C) Hippocampal neurons infected with stargazin-S9A showed those with a wild-type mutant of stargazin. (Figure 5D).
no change in the AMPA EPSC (n  14). (D) Neurons infected with
Furthermore, a constitutivephosphomimic (S9D) versionstargazin S9D showed a strong enhancement in the AMPA EPSC (n
of stargazin occluded hippocampal LTP (Figure 5D).11). (E) Infection with an S9D mutant lacking the C-terminal four amino
acid PDZ binding site (S9D4) depressed the AMPA EPSC (n  9). These results show that phosphorylation of stargazin
The NMDA EPSC was unchanged in all cases. by CaMKII/PKC kinase is required for hippocampal LTP.
Discussion
implicated in LTD (Malenka, 1994), stargazin represents
an intriguing substrate. However, it is not yet possible This study demonstrates that synaptic stargazin is heav-
ily phosphorylated at a set of conserved serine residueschemically to induce authentic LTD in slices. Because
LTD is input specific, it affects only a minority of syn- in its cytoplasmic C-terminal tail. The extent of these
phosphorylations is dynamically regulated by synapticapses, and the resulting biochemical changes in the
whole slice are expected to be very small. Although activity such that activation of CaMKII and PKC induces
phosphorylation, whereas activation of PP1 and PP2Bsome investigators have detected small changes in
GluR1 phosphorylation using phosphospecific antibod- dephosphorylates these sites. Phosphorylation facili-
tates synaptic trafficking of stargazin in a fashion depen-ies, this approach is not suitable for stargazin and re-
lated TARPs, as they have complex and adjacent phos- dent on the binding of the C-terminal tail of stargazin
to PDZ domains from PSD-95. Importantly, phosphory-phorylation sites. As a surrogate analysis, we asked
Stargazin Phosphorylation in Synaptic Plasticity
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Figure 4. Hippocampal LTD Requires NMDA
Receptor-Induced Stargazin Dephosphoryla-
tion by PP1
(A) Treatment of cerebrocortical cultures with
staurosporine (1 	M) caused dephosphoryla-
tion (shift from arrowhead to arrow) of star-
gazin (STG). (B) Dephosphorylation of star-
gazin following treatment with staurosporine
was blocked completely by 10 	M tauto-
mycin (PP1 inhibitor) and partially by 2 	M
tetrodotoxin (TTX), 100 	M APV, or 1 	M
FK506 (PP2B inhibitor), but only slightly by
10 nM okadaic acid (PP2A inhibitor). NMDA
receptor activation caused stargazin dephos-
phorylation in time-dependent (C) and dose-
dependent (D) manners. (E) Treatment with
NMDA stripped [32P]orthophosphate labeling
on stargazin (STG), which was detected by
Western blotting (WB). (F and G) NMDA-
induced dephosphorylation of stargazin
was blocked by EGTA (5 mM) or tautomycin
(10 	M) and was partly blocked by FK506
(1 	M), but was not blocked by okadaic acid (10 nM). (H) Expression of stargazin S9D mutant prevented LTD in hippocampus. Open circles,
control (n  8); closed triangles, treated with NMDA receptor antagonist CPP (n  4); closed circles, infected with wild-type stargazin (n 
4); closed squares, infected with S9A (n  4); and open squares, infected with S9D (n  9, decreasing to 6). Rel., relative.
lation of stargazin is required for hippocampal LTP, and receptors, which underlies this plasticity, likely reflects
a redistribution of surface receptors between synapticdephosphorylation of stargazin mediates LTD. These
studies establish a central role for stargazin phosphory- and nonsynaptic sites.
In addition to the classical NMDA receptor-dependentlation in the bidirectional control of synaptic plasticity
in hippocampus. synaptic plasticity, cell biological studies show that glu-
tamate binding to AMPA receptors can induce receptorPrevious studies demonstrated that stargazin medi-
ates two separable steps in synaptic trafficking of AMPA internalization (Beattie et al., 2000; Ehlers, 2000; Lin et
al., 2000), which is analogous to the internalization ofreceptors (Chen et al., 2000). In the first step, stargazin
recruits AMPA receptors from submembranous sites to many growth factor receptors and G protein-coupled
receptors in an agonist-dependent fashion (Ferguson,the plasmamembrane, and in the second step, stargazin
associates with PDZ proteins to bring AMPA receptors 2001; Gill, 1990). Our previous work showed that AMPA-
induced receptor internalization reflects dissociation ofto the synapse. Our work here shows that phosphoryla-
tion of stargazin does not influence the first step, but the ligand bound receptors from TARPs (Tomita et al.,
2004). This dissociation occurs in a purified preparationinstead facilitates the second step. Because stargazin
phosphorylation is critical for synaptic plasticity, these and does not reflect TARP dephosphorylation. The rela-
tive roles for classical NMDA receptor plasticity andresults suggest that the dynamic trafficking of AMPA
Figure 5. CaMKII and PKC Phosphorylate
Stargazin, which Is Required for LTP
(A) Cerebrocortical cultures were transiently
treated with NMDA (20 	M, 30 min) and then
were incubated with growth media. (B) Re-
covery of phosphorylation after NMDA treat-
mentwas inhibitedby either 1	MGF109203X
(PKC inhibitor) or 20	MKN93 (CaMKII inhibi-
tor), but not by 1 	M KT5720 (PKA inhibitor)
or 30 	M PD98059 (MAPK inhibitor). Addition
of all four inhibitors (inhibitor mix) completely
blocked phosphorylation. (C) Both CaMKII
and PKC phosphorylated the purified C-ter-
minal cytoplasmic domain of stargazin (STG-
cyto) in vitro. CaMKII also phosphorylated the
cytoplasmic C-terminal tail of GluR1, and
PKC also phosphorylated histone. GST and
BSA served as negative controls. Coomassie
brilliant blue (CBB) staining showed that
equivalent molar amounts of each substrate
were used. (D) Expression of the stargazin
S9A mutant prevented LTP. Open circles,
control (n  11); closed circles, infected with
wild-type stargazin (n  4); open squares,
infected with S9D (n  4); closed squares,
S9A (n  11, decreasing to 5). Rel., relative.
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this agonist-induced internalization of AMPA receptors development (Liao et al., 1999; Rao and Craig, 1997).
remain unclear. It is possible that the agonist-induced This points to two distinct mechanisms for synaptic traf-
mechanism represents a homeostatic mechanism, which ficking of AMPA receptors—one that occurs develop-
occurs on a slower timescale to prevent excessive re- mentally and is constitutive, and one that occurs dynam-
ceptor activation. ically and is NMDA receptor-dependent. Synaptic
For the NMDA receptor-dependent pathway, kinases trafficking of AMPA receptors by stargazin phosphoryla-
and phosphatases are critical. However, the phosphory- tion also requires the stargazin PSD-95 PDZ binding
lated substrates that mediate plasticity remain uncer- site. This dominance of the PSD-95 PDZbinding interac-
tain. Some studies suggest that the AMPA receptors tion with stargazin for synaptic trafficking of AMPA re-
themselves represent possible substrates for this plas- ceptors is consistent with previous results showing that
ticity. Indeed, PKA and CaMKII phosphorylation of overexpression of PSD-95 augments transmission in a
GluR1 (Lee et al., 2000) and PKC phosphorylation of fashion that occludes further LTP and enhances LTD
GluR2 have been reported to participate in LTP (Lee et (Beique and Andrade, 2003; Ehrlich and Malinow, 2004;
al., 2003) and LTD (Chung et al., 2003), respectively. Stein et al., 2003).
Our in vitro kinase assays demonstrate that stargazin is How stargazin phosphorylation promotes synaptic
comparable to GluR1 as a substrate for CaMKII. On the trafficking remains uncertain. The stargazin phosphory-
other hand, stargazin is far superior to GluR2 as an lation region comprises an array of serine residues in
in vitro substrate for PKC, and it has been suggested proximity to basic residues. This organization imparts
that other kinases may phosphorylate GluR2 in hippo- two properties to the stargazin tail. First, this structure
campus (Kim et al., 2001). Genetic studies demonstrate makes the stargazin tail a high-affinity substrate for the
that substrates other than the AMPA receptors must protein kinases CaMKII and PKC, which prefer serine
also participate in synaptic plasticity. That is, mutant residues in proximity to basic ones (Browning et al.,
mice lacking the phosphorylation sites in GluR1, espe- 1985). Second, the multiplicity of the phosphorylation
cially young animals, still retain some LTP (Lee et al., likely alters the electrostatic property of the tail. Con-
2003), and mice entirely lacking GluR2 and GluR3 show ceivably, the basic residues of the stargazin tail avidly
normal LTP and LTD (Meng et al., 2003). We would interact with the acidic phosphate head groups of the
suggest that TARPs represent critical nonreceptor sub- membrane lipids, and this interaction would be neutral-
strates for synaptic plasticity. However, the experiments ized by phosphorylation. In this scenario, phosphoryla-
still leave unaddressed the issue of the phosphorylation tion could make stargazin more mobile and more easily
states of the endogenous protein in response to LTP recruited to the PSD. A similar mechanism has been
and LTD induction. Because LTP and LTD are input noted in theMARCKSprotein, an avid substrate for PKC,
specific, only a minority of synapses will be affected, whose interaction with the membrane is modified by
and the resulting biochemical changes in thewhole slice phosphorylation (Arbuzova et al., 2002; McLaughlin et
are expected to be very small. Although some groups al., 2002).
have detected small changes in GluR1 phosphorylation This clustered arrangement of serines and arginines
with phosphospecific antibodies, this approach will is closely conserved in the tails of all the stargazin-like
likely fail with stargazin and related TARPs, as they have TARPs, which is further indicative of the importance of
complex and adjacent phosphorylation sites. this region. The density of phosphorylation sites may
In addition to CaMKII and PKC, other kinases have allow this region to serve as a molecular rheostat to
been implicated in synaptic plasticity (Bredt and Nicoll, permit graded responses to differing levels of kinase
2003; Sanes and Lichtman, 1999). We have found that andphosphatase activities. Such a powerfulmechanism
inhibitors of PKA and MAPK do not influence stargazin for graded responses could enhance the dynamic range
phosphorylation downstream of the NMDA receptor. for information storage at excitatory synapses.
Previous studies have showed that the critical threonine
residue in the PDZ binding site of stargazin is phosphor- Experimental Procedures
ylated by PKA (Chetkovich et al., 2002; Choi et al., 2002).
However, we did not find any basal threonine phosphor- Antibodies
The following antibodies were used: rabbit polyclonal antibodies toylation, and we previously failed to detect NMDA-stimu-
stargazin and pan-TARP (Tomita et al., 2003) andmousemonoclonallated phosphorylation of this site in hippocampal cul-
antibodies to PSD-95 (ABR), synaptophysin, and tubulin (Sigma).tures (Chetkovich et al., 2002). Mechanisms for synaptic
plasticity are different in distinct brain regions. Whereas
Plasmid Constructionphosphatases induce LTD in hippocampus, PKA specifi-
Site-directed mutagenesis was carried out by PCR as described
cally mediates LTD in the ventral tegmental area (VTA) (Tomita et al., 1998). Initially, a KpnI site was introduced into the
(Gutlerner et al., 2002). It is possible that PKA phosphor- region encoding the stargazin cytoplasmic domain with the primer
ylation of the stargazin PDZbinding site represents such CCCGCCTACCGGTACCGCTAC. Using appropriate primers, mu-
tated PCR fragments were then subcloned into KpnI and XhoI sites.a unique mechanism for plasticity.
All DNA constructs were sequenced.It is curious that the nonphosphorylated mutant of
stargazin supports basal transmission, but disrupts the
Phosphatase Treatment of Brain Extractsdynamic recruitment of AMPA receptors associatedwith
Crude synaptosome (P2) membranes were suspended in lysis bufferLTP. This is reminiscent of several strains of mutant
containing TEEN (25 mM Tris-Cl [pH 7.4], 1 mM EDTA, 1 mM EGTA,
mice in which basal transmission is intact, but synaptic and 150 mM NaCl)  1% Triton X-100  protease inhibitors (1 mM
plasticity is disrupted (Silva et al., 1992). Similarly, NMDA PMSF, 10 	g/ml leupeptin, 10 	g/ml aprotinin) and centrifuged at
receptor antagonists block LTP (Lisman et al., 2002), 100,000 
 g for 40 min. Supernatants were then collected as the
Triton X-100 solubilized fraction (Syn/Tx). The pellets were thenbut do not prevent AMPA receptor clustering during
Stargazin Phosphorylation in Synaptic Plasticity
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solubilized with RIPA containing 0.1% SDS and sonicated briefly. 36 h to 48 h after transfection, aliquoted, and stored at80C. Prior
to infection, the viruses were activated by chymotrypsin treatmentAfter centrifugation at 100,000 
 g for 40 min, the supernatant was
collected as the PSD fraction (PSD). These samples were treated for 45min. For infection of hippocampal slice cultures, viral solutions
were injected into the CA3 pyramidal cell layer, using a Nanojectwith -phosphatase (NEB) at 30C for 1 hr, and SDS-PAGE sample
buffer was added to stop the reactions. Proteins were analyzed instrument (Drummond).
using SDS-PAGE and Western blotting.
Electrophysiology in Hippocampal Slice Cultures
Rat hippocampal slice cultures were prepared as described pre-Primary Cerebrocortical Cultures for Treatment
viously (Schnell et al., 2002). Recordings were made from infectedwith Reagents
neurons 1 day after infection, using 2–3 M glass electrodes filledCerebrocortical neuron cultures were prepared and maintained for
with an internal solution consisting of 120 mM Cs gluconate, 20 mM12–16 days in vitro as described (Tomita et al., 2004). Cultures were
HEPES, 2 mM MgCl2, 4 mM MgATP, 0.3 mM MgGTP, 10 mM phos-preincubated for 30 min with kinase inhibitors as indicated. Follow-
phocreatine, and 5 mM QX314 (pH 7.2). External perfusion mediuming incubation with NMDA for 30 min, cultures were washed and
consisted of 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1.3 mMreturned to culturemedia containing kinase inhibitors. Neuronswere
MgSO4, 2.7 mM MgCl2, 1 mM NaH2PO4, 26.2 mM NaHCO3, and 11then solubilized, and extracts were separated using SDS-PAGE.
mM glucose, saturated with 95% O2 and 5% CO2, and also included
100	Mpicrotoxin, 20	Mbicuculline, and 2.5–10	M2-Cl adenosinePhospholabeling of Stargazin
to block inhibition and suppress epileptiform activity. Infected pyra-Cortical neuron cultures or CHO cells transiently expressing star-
midal cells were identified using fluorescence microscopy. A mono-gazin were labeled with 10 mCi/ml [32P]orthophosphate for 48 hr
polar stimulating electrode was placed in the stratum radiatum.in conditioned media or 1 mCi/ml [32P]orthophosphate for 3 hr in
Recording electrodes established cell-attached connections withphosphate-free D-MEM (Gibco BRL), respectively. Cells were then
both an infected cell and an immediately adjacent control cell underwashed, solubilized with RIPA and phosphatase inhibitors, and cen-
visual guidance (40
, DIC optics). Both cells were broken into simul-trifuged. Supernatants were then incubated with anti-stargazin anti-
taneously, and stimulation intensity was adjusted until EPSCs werebody and protein-A Sepharose beads (Sigma). Beads were washed
elicited from both cells. Series resistances, which were monitoredfive times with RIPA. Bound proteins were eluted by heating the
during the experiment, typically ranged from 8–12 M. A cell pairresin in 20 	l of 2
 SDS-PAGE sample buffer, separated by SDS-
was discarded if the series resistance differed substantially betweenPAGE, and identified by autoradiography or Western blotting.
the two cells. Outside-out patches were clamped at 70mV. Cur-
rents were evoked by local application of 10 mM glutamate for 2 sPhosphopeptide Mapping
in the presence of 100 	M cyclothiazide and 10 	M CPP.The phosphorylated stargazin protein bands were excised, incu-
bated with 0.1 mg/ml TPCK-trypsin (Pierce) at 37C overnight, and
LTP and LTD Experimentscentrifuged. Supernatants were lyophilized, and the dried pellets
Recordings for LTP and LTD experiments were obtained sequen-were incubated with 88% formic acid/3% hydrogen peroxide for
tially. LTP was induced by pairing stimulation at 2 Hz for 1 min with1 hr on ice. Samples were lyophilized again and resuspended in
depolarization to between5 to5 mV. Pairing was initiated withinwater. Water-solubilized peptide fragments were spotted onto thin-
5 min of attaining whole-cell mode to prevent washout of cyto-layer chromatography (TLC) cellulose plates and resolved in two
plasmic factors required for LTP. After pairing, the postsynaptic celldimensions. The 1st dimension involved electrophoresis in 7.8%
membrane potential was returned to 70 mV. LTD was induced byacetic acid/2.2% formic acid, and the 2nd dimension involved as-
pairing 1 Hz stimulation for 10 min with depolarization to 50 mV.cending chromatography in isobutyric acid/n-butanol/pyridine/ace-
After pairing, the postsynaptic cell membranepotential was returnedtic acid/water (125:3.8:9.6:5.8:55.8 [vol/vol]). The TLC plate was ex-
to 70 mV. For some experiments, 10 	M CPP was used to blockposed to X-ray film.
NMDA receptors.
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